Aims UV-B radiation is known to affect plant physiology and growth rate in ways that can influence community species composition and structure. Nevertheless, comparatively little is known about how UV-B radiation induced changes in the performance of individual species cascades to affect overall community properties. Because foliage leaves are primarily responsible for photosynthesis and carbon gain and are the major organ that senses and responds to UV-B radiation, we hypothesized that, under reduced UV-B radiation, species with larger leaf areas per plant would manifest higher growth rates and hence tend to improve their community status compared to species with smaller leaf areas per plant in herbaceous plant communities.
iNTRODUCTiON
Ultraviolet-B (UV-B) radiation has long been recognized as an environmental factor for plant life Heijde and Ulm 2012) . Tremendous individual studies (e.g. Sullivan et al. 1992; Tosserams et al. 1997; Norton et al. 1999; Rousseaux et al. 2001; Semerdjieva et al. 2003 , Araújo et al. 2016 , as well as a number of reviews (Caldwell et al. 1989; Rozema et al. 1997; Day and Neale 2002; Paul and Gwynn-Jones 2003; Hideg et al. 2013 ) and meta-analyses (Newsham and Robinson 2009; Li et al. 2010) , have demonstrated that exposure to UV-B radiation generally tends to increase the concentrations of UV-B absorbing compounds in leaves, decrease plant height and leaf area and reduce plant growth, which can cascade to influence community structure, herbivores, litter decomposition and biogeochemical cycles.
However, how changes resulting from UV-B exposure at the level of an individual species cascade to affect overall community properties is poorly understood, despite numerous studies examining multi-species performance and reporting differential effects of UV-B radiation on plant morphology, physiology and growth. For example, Sullivan et al. (1992) examined the responses to UV-B radiation in 33 plant species collected from different altitudes and report that plant height was reduced in 14 species and biomass was reduced in 8 species (but increased in four species). Similarly, Cybulski III and Peterjohn (1999) report that among seven species, transplanted from temperate North America, exposure to ambient UV-B radiation decreased biomass for the forb species Lactuca biennis but increased for Oenothera parviflora, while the treatment effect was non-significant for three grass species (Echinochloa crusgalli, Setaria faberi and Elymus virginicus), one forb (Verbascum blattaria) and one tree species (Quercus rubra). Tosserams et al. (1997) also found that total dry matter accumulation was increased in three monocotyledons, but remained unaffected or decreased in four dicotyledon species. Although these studies indicate that UV-B radiation may change community species composition by differentially affecting species performance, the patterns observed do not shed light on plant-plant competition because all these studies were conducted using 'isolated' plants grown in growth chambers or greenhouses (Caldwell and Flint 1994; Runeckles and Krupa 1994; Müller et al. 2013) . In this context, the experiment of Norton et al. (1999) is noteworthy. Using experimentally constructed grassland communities consisting of four grass species and two dicotyledons, Norton et al. (1999) found that only one species (Lolium perenne) increased in abundance under enhanced UV-B radiation at the expense of the grasses, which shows that exposure to UV-B radiation can affect plant community composition. Indeed, several other studies have investigated the effect of UV-B radiation on plant chemistry and species growth, as well as community species composition and dynamics under field conditions (e.g. in alpine grassland; Caldwell 1968 , Zaller et al. 2002 Turnbull and Robinson 2009; Wang et al. 2016) . These studies have shown that UV-B radiation is an important ecological factor in structuring plant communities. Nevertheless, neither experimental nor field communities have established a linkage between UV-B effects on the performance of individual species and their consequences on overall community structure.
Clearly, the relevant literature dealing with the effects of UV-B radiation is vast and complex. However, it is surprising that the mechanism underlying the effect of UV-B radiation on plant community species composition and structure has seldom been studied, although many reviews (Caldwell and Flint 1994; Runeckles and Krupa 1994, Prado et al. 2012) have continuously suggested that the effect of UV-B radiation on natural communities should be addressed. To address this gap, we focus here on leaf area differences among species for three reasons. First, leaves are the primary carbon-gain organ although in herbaceous and some woody species plant stems also function as photosynthetic organs (Hibberd and Quick 2002; Aschan and Pfanz 2003) . Second, leaves are usually the most vulnerable organ to high UV-B radiation levels (Lake et al. 2009; Takahashi and Badger 2011) . In addition to inducing the production of costly UV-absorbing pigments (Mörsky et al. 2013; Chen et al. 2013) , high UV-B radiation levels can produce high levels of destructive O 2 − , -OH and H 2 O 2 , which are harmful to many cellular biochemical processes (Sharma and Davis 1997) . Moreover, high UV-B radiation levels can damage photosystem II (Takahashi and Badger 2011) and thereby decrease photosynthetic electron transport efficiency and photosynthetic capacity (Poulson et al. 2006) . In addition, high UV-B radiation levels can suppress leaf expansion and development (Wargent et al. 2009; Hectors et al. 2010) possibly by reducing gibberellic acid (GA) and indole-3-acetic acid (IAA) levels in primordia (Esringu et al. 2016) . The third and final reason for our focus on leaves is that UV-B photoreceptors (UVR8 protein) are predominantly located in chloroplasts (Davey et al. 2012) . Thus, because leaves are the main UV-B sensing organ (Rizzini et al. 2011) , it is reasonable to speculate that plants with larger leaf areas will receive and respond more to elevated UV-B radiation levels. If true, under increased UV-B radiation levels, species with larger leaf area would be more negatively affected and thus grow less compared to species with smaller leaf areas.
The alpine meadow in the eastern Tibetan Plateau is an ideal site to test this hypothesis for the following three reasons. First, the plateau experiences high levels UV-B radiation (Hu et al. 2007 ) not only because of its high altitude (>3500 m) (Caldwell et al. 1980 ) but also because of low stratospheric ozone levels (Zheng et al. 2004) . Second, compared to the polar areas that are often characterized by high UV-B radiation levels, the plateau is located in low-latitude region, receiving higher UV-B radiation levels and long exposure durations per year (Paul and Gwynn-Jones 2003; Norsang et al. 2014; Cordero et al. 2014) . And, third, the alpine meadow has substantial vegetative coverage (mostly >90%), plant shoot density and species richness (>20 species per 0.25 m 2 ) indicative of intensive intra-and inter-specific plant-plant competition. Using the alpine meadow in the eastern Tibetan Plateau as our experimental platform, we conducted a field UV-B attenuation experiment over a two-year period during which we measured and recorded morphological responses (i.e. plant height and leaf area per plant) and plant growth (i.e. aboveground biomass per plant per growing season) to two treatments (reduced vs. ambient UV-B radiation level) for each species. We then statistically examined the differences in the responses among species as well as the within-community status (aboveground biomass per species per area and species relative biomass) for each species. Finally, we tested whether the differences in the responses among species could account for differences in the within-community status of each of our study species. These analyses were performed to examine whether reducing UV-B radiation would facilitate plant growth more for the species with larger leaf areas per plant than those with smaller areas per plant. (Wu et al. 2011) .
METHODS

Study site
UV-B attenuation experiment
A field experiment was conducted for two years in a fenced meadow. It had two treatments of reduced vs. ambient UV-B radiation levels, each treatment having ten replicates. The design of each replicate consisted of four round steel legs and a 1 m × 1 m frame made of a 0.05 mm transparent plastic films (see also Gaberščik et al. 2002; Wang et al. 2006) surrounded by round steel pipes. Polyimide films were used in the ambient treatment and polyester films were used in the UV-B reduced treatment, and these two types of films differed in UV-B filtering effects. Setting up with the sheets for both treatments instead of UV-B reduced had little discernable confounding effects on soil moisture, or photosynthetically active irradiation intensity or composition, as verified in previous studies (Huiskes et al. 2001; Flint et al. 2003) . As plants grew, the frames were moved upward along metal legs (see online supplementary Appendix 1). Each replicate was spaced at least 3 m from another. The facilities were installed in early April 2013 before experiments commenced. The frames and their associated films were removed in late September 2013 and replaced anew at the same positions in April 2014. The experiment was terminated in late September of 2014.
Measurements on five sunny days (from 12:00 to 14:00) showed that photo-synthetically active radiation (PAR; LI-6400, LI-COR Inc., Lincoln, Nebraska, USA) was about 5% to 6% lower below the films than above the film (295.1 ± 6.6 μmol m ). Hourly measurements (from 8:00 to 18:00) with a UV detector with spectrum range of 290-390 nm, (TN-2340, TES Co., Taipei, China) and a UV-B detector with spectrum range of 290-320 nm (RGM-UVB, Run-Goal Automation Technology Co., Shanghai, China) on five sunny days showed a daily average of 28.2% UV radiation and a 39.2% UV-B radiation dose reduction in the reduced UV-B treatment (see online supplementary Appendix 2). Moreover, according to the result of Wang (2006) who performed a UV-B attenuation study in the same alpine area (less than 100 km away) using the same types of films, the UV-B reduction would be 40% if weighted with the generalized plant action spectrum (Caldwell 1971) . The soil moisture was consistently >30% in both treatments and no significant difference was found between treatments or between inside and outside the frame during the growing seasons (see online supplementary Appendix 3). Likewise, no significance in air temperature below the film was observed between treatments, although the temperature was 0.3°C higher on average above than below the film (see online supplementary Appendix 3). Based on statistical comparisons among control and treatment measurements, we concluded that the variable affected by the treatment conditions was primarily UV-B intensity.
We randomly marked a minimum of three individual plants for each species in each replicate unless there were less than three plants in the replicate in the early growing seasons of 2013 and 2014. The total number of marked plants, which represented 19 species of 8 families (Table 1) , was 716 in 2013 and 796 in 2014. Plant height was measured as the vertical distance from ground level to the uppermost vegetative parts for each marked plant. In mid-August of 2013 and 2014 during which plants peaked in their biomass accumulation, aboveground plant parts within each 1 m × 1 m replicate were cut and removed. However, only those within the center (50 cm × 50 cm) of each replicate were harvested, subsequently dried at 65°C for 48 h, later weighed and finally recorded to determine values for each species and for the whole community. In addition, fresh leaves were harvested from marked plants and scanned to determine leaf areas using Image J software.
Data analysis
The original data for plant height, leaf area per plant and aboveground biomass per plant, per species and per area were normally distributed. We therefore used two-way ANOVAs (analysis of variance) to determine the difference in aboveground plant biomass per area between treatments for each of the two study years. The treatment was set as the fixed factor and the study year was set as the random factor. Moreover, we conducted three-way (treatment as fixed factor, and species and replicate identity as random factors) ANOVAs to determine the difference in plant biomass per plant, plant height and leaf area per plant for each species in both study years; once a significant effect was detected 'post hoc' Tukey tests were to determine the difference in the variables.
To test whether species with greater leaf areas increased more in aboveground biomass per plant, plant height and leaf area per plant, we first calculated the difference in these parameters between UV-B reduced and ambient treatments and calculated the change rate in the parameters as the difference divided by the value of the ambient treatment. We then determined the across-species regression relationship for the difference and the change rates of these three variables vs. plant leaf area per plant under the ambient condition (as indicator for plant traits).
To test whether the change in within-community species status induced by UV-B reduction could be accounted for by leaf area per plant, we characterized the status change as Ci for i species in the following equation.
Ci
Brd Bam
where Brd 1 is the average aboveground biomass per m 2 in the reduced UV-B treatment for species i in the first study year, Bam 1 is the average aboveground biomass per m 2 in the ambient treatment for species i in the first study year, Brd 2 is the average aboveground biomass per m 2 in the reduced UV-B treatment for species i in the second study year, and Bam 2 is the average aboveground biomass per m 2 in the ambient treatment for species i in the second study year. In this equation, we used the aboveground biomass per species per area in the ambient treatment to calibrate the status change in each replicate because there were large variations in plant density and biomass among species and among replicates, and because there were climatic and edaphic variation between the two years. The larger the Ci values, the stronger the effect of UV-B attenuation on the aboveground biomass per species per area. We then determined the cross-species regression relationship between Ci and leaf area per plant of the ambient condition. In addition, we used the change rate in species relative biomass (i.e. the difference in species relative biomass between ambient and UV-B reduced treatments divided by the species relative biomass in the ambient control) to indicate the change in species within-community status. We also determined the across species relationship between this rate and leaf area per plant of the ambient condition.
All statistical protocols were conducted using program JMP (10.0.0).
RESULTS
Reducing UV-B significantly increased aboveground plant biomass (by 28.3%) for the whole community in the second year but not the first year of the experiment (Fig. 1) . Moreover, it significantly (P < 0.05) or marginally significantly (P < 0.1) increased aboveground biomass per plant, plant height and leaf area per plant for 11, 11 and 11 species, respectively, in the second but not the first study year. No species was negatively affected (Table 1) . These changes in plant performance could be accounted for partly by leaf area per plant. In particular, the increases and the change rates in leaf area per plant and aboveground biomass per plant (but not in plant height) increased with leaf area per plant across species in 2014 (Fig. 2) The aboveground biomass per species per area was (marginally) significantly larger (no species was smaller) in the second than in the first study year for 12 of 19 species in the reduced UV-B treatment. None of the species differed between years in the ambient treatment (Table 2 ). This indicated indirectly a positive effect of UV-B attenuation on plant biomass accumulation in the species.
Furthermore, in the reduced UV-B treatment species relative biomass was (marginally) significantly larger in the second than in the first study year for four species, but a reverse Sample size is provided in parentheses. The significance levels of the difference between ambient and reduced UV-B treatments are provided, as detected by ANOVAs. The P values are bolded when the differences in means are significant (P < 0.05) or marginally significant (P < 0.1). (Table 2) . However, in the ambient treatment, species relative biomass remained mostly unchanged (except for Saussurea nigrescens, whose relative biomass was reduced) during the experiment. These results indicate that UV-B attenuation differentially changed species status within the community. The change in within-community species status induced by UV-B attenuation could be partly explained by leaf area per plant. Both Ci and the change rate of species relative biomass increased with increasing leaf area per plant under ambient conditions across species (Fig. 3) .
DiSCUSSiON
To the best of our knowledge, this is the first study to explicitly link the effect of UV-B radiation on the performance of individual plant species to community species composition and structure. We have shown that reducing UV-B radiation increases primary productivity (aboveground biomass per area) at the whole community level. It also increases plant growth (aboveground biomass per plant) for the majority of the species. Moreover, none of the species was negatively affected by a reduction in UV-B radiation. Importantly, increases in plant biomass per plant varied significantly among species, such that the within-community species status (species relative biomass) changed by the attenuation of UV-B radiation. Equally if not more important, both the change in plant performance and the change in within-community species status could be significantly accounted for by differences in leaf area per plant among species. The difference between treatments is denoted as ns (P > 0.05) and *** (P < 0.001).
The increase in plant productivity under low UV-Bradiation levels is consistent with the results of previous studies addressing the negative effects of UV-B on plant productivity at the community level (Day and Neale 2002; Flint et al. 2003; Phoenix et al. 2003; Rozema et al. 2005; Caldwell et al. 2007; Xiao et al. 2015; Jones et al. 2016 ) and the positive effects of reducing radiation levels (Ballaré et al. 2001; Robson et al. 2003; Garcia-Corral et al. 2016) . Nevertheless, the effect of UV-B reduction in our experiment seems pronounced compared to the results reported by others. For example, Aster alpinus 3.56 ± 0.69 (6) 3.24 ± 0.56 (6) 0.117 2.3 ± 0.46 (6) 2.49 ± 0.47 (6) 0.277
Saussurea nigrescens
6.79 ± 2.47 (7) 9.07 ± 2.1 (7) 0.247 10.66 ± 4.57 (6) 9.77 ± 4.68 (6) 0.081
Taraxacum lugubre 2.45 ± 0.56 (9) 2.59 ± 0.4 (9) 0.616 2.2 ± 0.38 (9) 2.3 ± 0.43 (9) 0.577 Cyperaceae Kobresia humilis 3.27 ± 1.21 (9) 2.63 ± 0.26 (9) 0.645 2.94 ± 0.51(9) 3.01 ± 0.49(9) 0.789
Scirpus triqueter
4.47 ± 1.34 (9) 3.82 ± 1.44 (9) 0.645 3.73 ± 0.43 (9) 3.89 ± 0.42 (9) 0.605 Sample size is provided in parentheses. The significance levels of the difference between ambient and reduced UV-B treatments are provided, as detected by ANOVAs. The P values are bolded when the differences in means are significant (P < 0.05) or marginally significant (P < 0.1).
a >85% attenuation of UV-B radiation is reported to correlate with an increase in aboveground plant biomass by 15-50% in the polar areas (Ballaré et al. 2001; Robson et al. 2003; Day et al. 2001; Ruhland et al. 2005; Prado et al. 2012) , while a 39% attenuation resulted in a 28% increase in biomass in our study. This pronounced effect could be because total UV-B radiation levels are much higher in the Tibetan Plateau compared to levels in the arctic or subarctic areas (Caldwell et al. 2007) . UV-B radiation is often more intense in low latitudes because of lower solar angles (Paul and Gwynn-Jones 2003) and it usually increases between 10% and 19% for every 1000 m increase in elevation (Prado et al. 2012) .
In accordance with the increase of plant productivity, plant size measured as aboveground biomass per plant, also increased for most of the species in this study. The most frequently cited physiological mechanism underlying the increase in plant size is that species reallocate metabolic resources to reduce UV-B damage and utilize these resources for growth (González et al. 2002 (González et al. , 2007 Rozema et al. 2002; Smakowska et al. 2016) . We suggest two additional potential mechanisms that may account for increased plant size when radiation levels are reduced. The first is an increase in total leaf area. Total leaf area per plant significantly or marginally (P < 0.10) significantly increased in 11 out of 19 species. The second mechanism is an increase in plant height.
We observed that plant height significantly or marginally increased in response to UV-B attenuation in 11 out of 19 species. This increase in plant height likely reflects an increase in light-use efficiency owing to a reduction in self-shading. In the context of this study, the physiological and morphological changes reported here can be seen as adaptive responses to reduced UV-B radiation levels.
However, the magnitude of increased aboveground plant biomass in response to decreased radiation levels was not uniform across all 19 species. Consistent with our prediction, cross-species analyses show that the increase in aboveground biomass per plant was positively and significantly correlated with leaf area per plant. A number of factors likely account for this phenomenology. First, reducing UV-B radiation levels likely had a beneficial effect on photosystem II (Takahashi and Badger 2011) and photosynthetic electron transport efficiency, as well as leaf stomata (Dai et al. 1995 , Wargent et al. 2009 ) that collectively would have improved the photosynthetic capacity of plants. Second, under reduced UV-B radiation levels, species with larger leaf areas per plant generally benefit in total carbon gain compared to species with smaller leaf areas. This benefit might involve a reduction in the costs of producing UV-absorbing pigments (Mörsky et al. 2013 ) and a concomitant reallocation of the earnings to growth. Third, studies have shown that epidermal cell expansion (and thus leaf lamina expansion) is improved under low UV-B radiation levels (e.g., Hectors et al. 2010) . In addition, monocot and eudicot species with larger leaf areas per plant tend to be taller (N = 7, r 2 = 0.85, P = 0.003 and N = 12, r 2 = 0.59, P = 0.003, respectively), even though this relationship becomes statistically non-significant when the data from both species groups are pooled (N = 19, r 2 = 0.21, P = 0.40). Taller plants should suffer more under ambient UV-B conditions because they are elevated uppermost in the canopy and thus are more exposed to radiation. In our study area, plant coverage and shoot density are high and leaf self-shading is commonplace, such that UV-B irradiance on a plant is dependent on plant position. Our measurements in an independent investigation show that, in this alpine meadow, the radiance (at moon with vertical light angle) is less than 20 mw/m 2 at ground level, about 250 mw/m 2 in the center of the plant canopy and >400 mw/ m 2 above the plant community. Thus, tall species should suffer disproportionally more UV-B radiation than shorter species under normal ambient condition, i.e., the attenuation of UV-B radiation disproportionately benefits taller species. This speculation is consistent with the observation that taller species increased in plant height and change rate of aboveground biomass compared to shorter species under UV-B attenuation condition (see online supplementary Appendix 4). However, it is worth noting that our using leaf area per plant in the ambient treatment as a plant trait is reasonable. This is because (i) the environmental conditions including temperature, PAR and soil moisture were not significantly changed by the films of the ambient treatment, (ii) plant traits including leaf area per plant remain unchanged during the experiment in the ambient but not the UV-B reduced treatment. The leaf area per plant of the ambient treatment was also indistinguishable from that of an independent investigation that simultaneously measured leaf area per plant for several species (data not shown). Moreover, we did not investigate the effects of UV-B on leaf morphology or chemistry, both of which may play critical roles in growth responses to attenuating UV-B radiation (Tattini et al. 2005; Burchard et al. 2000; Agati and Tattini 2010) . Differences in these functional traits may explain why some species deviated from the relationship observed for leaf area and increases in plant biomass.
Although most of the species were observed to increase aboveground plant biomass in response to reduced UV-B irradiation levels, the community status (indicated by species relative biomass) often changed in the opposite direction, which can also be explained in part by interspecific differences in photomorphology. For example, taller species with larger leaf areas per plant tend to have a higher community status, presumably because they are superior competitors compared to species with smaller total leaf areas (Craine and Dybzinski 2013) . Arguably, this speculation is not surprising because, across species, aboveground biomass per plant increases with increasing leaf area per plant and because the change rate of aboveground biomass per plant is positively associated with the change rates of aboveground biomass per replicate across species (Ci value; N = 19, R 2 = 0.515, P < 0.001) and species relative biomass (N = 19, R 2 = 0.497, P < 0.001). This occurs presumably because most of the species thus far studied are perennial, and because they use a large part of their increased carbon gain for vegetative growth rather than reproduction. Moreover, species abundance is not significantly changed for most of the species (except for Agrostis vinealis) probably because most species reproduce clonally, which makes it difficult for plants to occupy previously occupied sites and because species often decrease seed reproduction under low UV-B radiation (e.g. Stephanou and Manetas 1998) . It is also possible that the two-year duration of experiments was insufficient to permit statistically detectable species abundance responses to the attenuation of UV-B radiation. We did observe that the differences in plant biomass per plant and per species were more evident in the second year of the experiment. Thus, longer-term experiments should be conducted in the future to explore the extent to which UV-B radiation levels can restructure plant communities and ecosystems. In summary, we have shown under field conditions that UV-B attenuation increases plant growth differentially across species and affects changes in species status within communities. We have also shown that these changes are correlated with interspecific differences in leaf area per plant, as predicted by our initial hypothesis. These results indicate that UV-B radiation levels are an important abiotic variable that affects plant community structure. Our results have important implications in the context of alpine meadow dynamics. For example, the meadow in which our experiments were conducted is dominated by Kobresia humilis and Scirpus triqueter, which are important sources of food for local yaks (Zhao and Zhou 1999) . Although climate and soil conditions favor the growth of these two species, our experimental results show that the dominance of these species in the meadow is also attributable to the high UV-B radiation level in the Tibetan plateau, without which these species would be replaced by forb species such as Anemone rivularis and Halenia elliptica, which are taller and have greater leaf areas. By extension, our study provides a conceptual model for predicting how changes in UV-B radiation levels may affect species dominance based of easily measure morphometric functional traits.
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